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SECTION  I 


INTRODUCTION  AND  SUMMARY 

Introduction 

The  use  of  digital  electronics  in  flight  control  systems  has  led  to  considering 
alternate  techniques  for  creating  the  electrical  signals  by  control  system 
sensors.  This  report  describes  a  unique  linear  position  measurement  sensor. 
Typical  application  for  the  sensor  is  measurement  of  the  output  displacement  of 
linear  actuators  used  in  flight  control  systems. 

The  technique  investigated  is  based  upon  incremental  encoding  of  an  actuator 
rod  by  using  alternate  layers  of  ferrous  and  nonferrous  material  in  the 
construction  of  the  rod.  To  detect  the  presence  or  absence  of  the  ferrous 
material,  sensors  designed  using  transformer  theory  are  mounted  radially  around 
the  rod.  The  sensors  are  used  to  create  an  electrical  change  in  state  from 
high  to  low  as  the  material  presented  to  the  sensor  changes.  A  counter  is  used 
to  keep  track  of  the  state  changes  in  order  to  provide  an  output  signal 
proportional  to  the  position  of  the  rod  relative  to  sensors.  Two  sensors  and  a 
logic  circuit  are  required  to  determine  the  direction  of  motion.  This  type  of 
incremental  encoding  requires  that  an  inital  value  be  loaded  into  the  counter 
(with  the  encoded  rod  at  a  predetermined  specified  position)  to  achieve 
absolute  position  measurement. 

The  advantages  of  the  technique  investigated  are  the  following: 

1.  The  sensor  technique  produces  a  digital  output  that  can  be  interfaced 
•aaily  with  the  digital  electronics  used  in  the  control  system. 


2.  The  incremental  encoding  of  the  actuator  rod  is  permanent  and 
requires  no  configuration  change  for  the  actuator  piston  and  rod. 

3.  The  sensor  components  can  be  mounted  internal  to  the  actuator  and  be 
well  protected  from  damage. 

4.  The  encoding  of  the  actuator  rod  extends  around  the  circumference  of 
the  rod,  allowing  simple  addition  of  more  sensors  in  order  to  meet  control 
system  redundancy  requirements. 

5.  The  sensor  technique  is  based  upon  inductive  sensing  which  is 
compatible  with  operation  in  oil  and  in  the  contamination  environment  existing 
inside  a  linear  hydraulic  actuator. 

6.  The  position  measuring  technique  is  not  limited  to  hydraulic 
actuators  and  can  be  applied  to  other  linear  position  sensing  applications. 

7.  The  sensor  electronics  operate  with  DC  supply  voltages,  eliminating 
the  requirement  to  provide  AC  power  to  the  actuator  (as  with  the  linear 
variable  differential  transformers  normally  used  in  flight  control  actuator 
position  measurement). 

8.  The  electronics  used  with  the  sensor  incorporate  circuits  and 
components  which  are  adaptable  to  VLSI  electronic  packaging  technology. 


/ 


A  demonstration  unit  of  the  approach  was  fabricated  and  evaluated.  The 
demonstration  unit  verified  the  feasibility.  The  design  of  the  sensing  heads 
used  with  the  encoded  rod  were  based  upon  transformer  design,  with  the  encoded 
rod  material  varying  the  coupling  between  the  transformer's  input  and  output 
windings.  The  measured  sensitivity  of  the  sensors  was  less  than  the 
sensitivity  predicted  by  design  calculations.  The  electronics  used  with  the 
sensors  for  counting  and  direction  determination  are  similiar  to  that  used  with 
optical  encoding  sensors.  Circuitry  to  compensate  for  small  changes  in  the 
coupling  efficiency  over  the  length  of  the  encoded  shaft  was  included  in  the 
electronics. 

The  resolution  achieved  with  the  demonstration  unit  was  0.0025  in.  This  was 
obtained  with  a  rod  encoded  with  alternating  layers  of  copper  and  steel  having 
a  thickness  of  0.010  in.  There  is  potential  for  achieving  better  resolution 
with  sensors  having  smaller  gaps  and  pole  faces  and  used  in  combination  with 
thinner  layers  of  encoding  material. 

The  investigation  proved  feasibility  for  the  approach.  Further  development  of 
the  technique,  particularity  in  the  area  of  improving  the  sensitivity  of  the 
sens?’"  head,  is  necessary  before  general  application  of  the  technique  can  be 
recommended . 

Figure  1  shows  the  demonstration  unit  fabricated  and  evaluated  for  the  work 


effort. 


SECTION  II 


TECHNICAL  APPROACH 


ItfhiiOTgf  tetitiatri. 

During  the  development  of  the  demonstration  unit,  several  sensor  head 
techniques  were  designed  and  evaluated  empirically.  All  sensor  techniques  were 
evaluated  with  the  same  encoded  shaft  (encoded  with  .010  in.  thick  alternating 
washers  brass  and  steel  as  shown  in  Figure  2).  The  sensor  techniques  evaluated 
included  two  transformer  coupling  and  one  inductive  coupling  method. 

The  first  technique  (Figure  3)  is  based  upon  the  concept  of  sensing  an 
induction  change  of  a  sensing  coil  when  the  coil  is  placed  in  proximity  with  a 
metallic  mass.  The  sensing  coil  is  used  as  the  inductor  in  the  tank  circuit  of 
an  oscillator.  The  oscillator  frequency  changes  with  coil  inductance  and  is 
used  to  generate  an  output  in  the  electronics  used  with  the  oscillator.  A 
copper  plate  is  placed  across  the  face  of  the  coil  to  act  as  an  electrostatic 
shield.  The  copper  plate  uses  a  slit  window  to  allow  the  coil  field  to  appear 
on  the  other  side  of  the  plate  in  a  limited  area. 

The  second  technique  (Figure  3)  is  based  upon  the  concept  of  using  an  open  "C" 
frame  transformer.  The  coupling  between  the  primary  and  secondary  windings 
change  with  the  insertion  of  ferrous  material  between  the  open  ends  of  the  ”C". 
By  making  a  transformer  with  a  frame  having  "CM  faces  similar  in  thickness  to 
the  ferrous  washers  used  in  encoding  the  shaft,  the  amplitude  of  the  output  of 
the  secondary  winding  varies  with  a  change  of  material  between  the  "C"  faces 
(when  the  primary  winding  is  excited  with  a  constant  signal). 


Typical  Actuator 


Figure  2  Cross  Section  of  Actuator 


The  third  technique  (Figure  4)  is  based  on  the  concept  of  a  narrow  gap 
transformer.  The  gap  of  the  transformer  is  less  than  the  width  of  the  washers 
used  to  encode  the  shaft.  The  coupling  of  the  secondary  to  primary  windings  is 
changed  with  the  change  of  material  at  the  gap  of  the  transformer. 

The  cores  of  the  "C"  frame  transformer  and  the  narrow  gap  transformer  were 
fabricated  from  sheets  of  Magnesil  0  electrical  s*teel,  .004  in.  thick,  a 
product  of  the  Speciality  Metals  Division  of  the  Magnetics  Company.  This 
construction  was  used  to  allow  primary  winding  excitation  frequencies  of  10 
KHz.  With  the  transformer  techniques,  the  excitation  frequency  establishes  the 
maximum  rate  at  which  the  shaft  can  move  and  the  washers  still  be  counted. 

Figure  5  shows  in  schematic  form  the  technique  for  creating  the  output  change 
of  state  for  the  inductive  coil  sensor  electronics.  The  detection  circuit  uses 
a  phase  locked  loop  single  integrated  circuit  (1C)  to  create  a  voltage 
proportional  to  the  frequency  change  of  an  oscillator  circuit.  The  oscillator 
circuit  uses  the  inductance  of  the  sensing  coil  to  determine  its  frequency  of 
oscillation.  The  phase  lock  loop  uses  a  voltage  control  oscillator  to  track 
the  inductance  controlled  oscillator  frequency.  The  phase  lock  loop  1C  has  as 
one  output  the  control  voltage  required  to  cause  the  phase  lock  loop  to  track 
the  input  frequency.  In  order  to  create  a  high  or  low  state  signal  with  the 
changing  oscillator  frequency,  a  comparator  is  connected  to  the  control  voltage 
output  of  the  phase  lock  loop  IC.  The  output  of  the  comparator  is  used  to  drive 
a  solid  state  switch  connected  to  a  suitable  supply  voltage,  creating  the  high 
and  low  state  output  required  for  counting.  Figure  5  also  shows  schematically 
the  logic  required  for  determining  the  direction  of  motion.  Direction 
determination  for  the  motion  of  the  shaft  requires  two  sensors,  Offset  to  that 
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Figure  5  Inducdve  Coil  Sensor  Electronics  Block  Diagram 


th«  change  in  the  output  of  one  eeneor  lends  the  other  by  one  he If  of  the 
specing  between  the  ferrous  washers.  figure  6  illustretes  the  output  of  the 
two  detection  circuits  connected  to  the  direction  sensing  logic  circuit*  Vote 
that  knowing  the  state  of  one  sensor  output  when  the  other  changes  is 
sufficent  informs t ion  to  determine  in  which  direction  the  shaft  is  mowing.  For 
example*  if  sensor  1  output  goes  from  high  to  low*  the  direction  of  the  shaft 
motion  is  to  the  left  if  the  sensor  2  output  was  high  during  the  sensor  1 
transition.  The  motion  of  the  shaft  is  to  the  right  if  sensor  2  output  is  low 
during  the  sensor  1  high  to  low  transition.  The  output  of  the  direction  logic 
circuit  is  connected  to  an  up-down  counter  to  provide  an  output  related  to  the 
shaft  position. 

Figure  7  shows  in  schematic  form  the  electronics  used  with  the  transformer 
sensors.  An  oscillator  is  used  to  excite  the  priswry  windings  of  the  sensors. 
As  with  the  inductive  coil  technique*  two  sensors  offset  by  one  half  the 
encoding  washer  thickness  are  used  in  order  to  provide  direction  sensing.  The 
secondary  windings  outputs  ere  rectified  and  filtered  to  provide  a  DC  voltage. 
The  DC  voltages  are  amplified  with  gsin  stages  and  fed  to  comparators.  The 
output  of  the  comparators  change  state  when  the  sensor  outputs  exceed  and  drop 
below  the  reference  voltage  used  with  each  comparator.  This  creates  an  output 
state  change  which  is  counted  in  order  to  provide  a  value  related  to  the  shaft 
position. 

The  results  of  the  three  sensor  technique  investigation  shoved  that  the  narrow 
gap  sensor  producsd  the  largest  output  change  when  used  with  the  encoded  shaft. 
The  percent  change  of  inductance  of  the  air  coil  with  the  slit  window  aperature 
and  the  percent  change  in  the  coupling  of  the  primary  to  secondary  winding  of 
NC”  transformer  core  configuration  were  both  considerably  less  than  that 


Measured  with  the  narrow  gap  transforner  design.  The  apparent  reason  for  the 
low  sensitivity  for  both  these  techniques  was  the  tendency  of  the  sensors  to 
average  the  amount  of  ferrous  material  detected  rather  than  selecting  one 
washer  at  a  time.  The  narrow  gap  transformer  design  concentrated  the  detection 
portion  of  the  sensor  in  a  smaller  area  and  hence  was  able  to  detect  individual 
washers  as  they  were  passed  under  the  sensor. 

Technique  Developed 

The  sensitivity  check  of  the  three  sensing  techniques  indicated  that  the  narrow 
gap  transformer  held  the  most  promise.  Therefore,  this  approach  was  developed 
further  and  used  in  the  feasiblity  demonstration  unit.  Mo  further  work  was 
expended  on  the  other  two  techniques. 

Theoretical  Calculations 

The  operation  of  the  narrow  gap  transformer  sensor  is  based  upon  transformer 
design  equations.  The  magnetic  circuit  of  a  transformer  is  analogous  to  an 
electrical  circuit  in  that  the  flux  in  the  transformer  core  is  proportional  to 
the  magnetomotive  force  "F”  and  inversely  proportional  to  the  reluctance  'V 
or  magnetic  resistance.  Reluctances  in  series  are  added  to  obtain  their 
combined  reluctance.  Ohm's  law  for  a  series  magnetic  circuit  (expressed  in  the 
cgs  system  units)  is: 


.4TTHI 


VA1U1  +  VA2D2  + - Wn 


Where:  .4  MI  is  the  magnetomotive  force  in  gilberts 
J  is  in  maxwells 

are  the  lengths  in  cm,  crossection  areas  in  cm^  and 
relative  permeabilities  in  each  series  part  of  the  circuit,  respectively. 
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The  narrow  gap  trana foraer  design  is  based  upon  hawing  one  reluctance  in  the 
series  circuit  of  the  transforaer  core  dominate  the  total  reluctance  and 
therefore  flux  in  the  transforaer  core  for  a  given  aagnetoaotive  force.  If  the 
doainant  reluctance  is  varied  by  the  shaft  encoding,  then  the  flux  in  the 
transforaer  core  also  varies  with  the  shaft  encoding.  By  using  a  secondary 
winding  on  the  transforaer  core,  the  change  in  flux  in  the  core  (with  a 
constant  aapere-turn  input  on  the  primary  winding)  can  be  measured  as  a 
secondary  winding  output  voltage  change.  In  the  narrow  gap  sensor,  an  air  gap 
is  designed  to  be  the  doainant  reluctance.  The  reluctance  of  the  air  gap  is 
varied  by  aoving  the  ferrous  washers  across  the  air  gap.  This  changes  the  flux 
in  the  transforaer  core  and  the  secondary  winding  output  voltage. 

Figure  8  shows  schematically  the  narrow  gap  sensor  with  the  control  reluctance 
expanded  for  clarity  at  the  bottom  of  the  figure.  For  the  narrow  gap  sensor 
evaluated,  the  diaensions  of  the  control  reluctance  structure  were: 

lj  ~  0.003  in. 

12  ■  0.001  in. 

13  ■  0.003  in. 
d  ■  0.040  in. 
w  -  0.010  in. 

Bote  that  the  sensor  head  width  (lj  ♦  2I3)  8  .009  in.  is  slightly  less  than  the 
width  of  the  encoding  washer  (0.010  in.). 

The  change  in  gap  reluctance  with  and  without  the  encoding  washer  can  be 
calculated  as  follows,  letting  Rj  be  the  reluctance  of  the  aagnetic  path  across 
the  pole  pieces  (without  the  encoding  washer  present)  and  R2  be  the  reluctance 
of  the  aagnetic  path  from  the  pole  pieces  through  the  encoding  washer: 
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*1  - 

Where  for  the  cge  ay item  Uj  -  1 

Substituting  in  the  dimensions 1  values  used  for  the  narrow  gap  aenaor  in 
unite  for  the  ega  syaten: 

-  (. 003 )( 2. 54)/ (. 003 )(. 040X2.54)2 
Rj  "  9.S43  gilbert/aaxwell 

In  the  sane  way,  with  the  washer  in  place: 

R2  -  214/l3d 

Substituting  in  the  values  used  for  the  narrow  gap  sensor  in  units  of  the 
cgs  ays  tea: 


S2  •  <.002)(2.54)/(.003)(.040)(2.54)2 


R2  -  6.562  gilbert/aaxwell 

8ince  Rj  and  R2  appear  as  parallel  magnetic  paths  when  an  encoding  washer  is  at 


the  sensor  gap,  the  gap  reluctance  is  changed  to  R. 


equiv’ 


Requiv"  ri*2^r1  +  *2 
Requiv"  ^*937  gilbert/aaxwell 

Therefore,  the  control  gap  reluctance  changes  froa  3.937  with  the  encoding 
washer  at  the  gap  to  9.843  without  the  encoding  washer.  This  is  better  than  a 
two  to  one  change  in  reluctance  and  theoretically  should  result  in  a 
corresponding  change  in  the  aagnitude  of  the  core  transformer  flux  and 
secondary  winding  output  voltage. 


In  order  for  the  air  gap  of  the  transformer  to  control  the  flux  in  the 
transformer  core,  the  rest  of  the  transformer  magnetic  circuit  must  have  a 
relatively  low  reluctance  compared  to  the  air  gap.  Figure  9  is  the  mechanical 
drawing  for  one  half  of  the  transformer  core.  Tvo  of  these  halves  are  fastened 
together  to  form  the  sensor  core,  complete  with  the  air  gap.  The  A3  steel 
plates  shown  in  Figure  9  are  used  to  clamp  the  Magnesil-0  laminated  core.  Ten 
layers  of  Magnesil-0  sheet  0.004  in.  thick  are  used  for  the  transformer.  At  10 
KHz  excitation  current,  the  range  of  permeability  of  the  Magnesil-0  is  from 
1250  to  6000  (corresponding  to  a  flux  of  from  5  to  6000  gauss).  The  calculated 
value  for  the  reluctance  of  the  Magnesil-0  path  (using  an  average  width  of  the 
tapered*  sections  of  0.085  in.,  an  average  length  of  the  tapered  sections  of 
0.33  in.,  a  path  length  of  0.63  in.  for  the  non-tapered  portion  of  each  half  of 
the  transformer,  a  "worst  case"  relative  permeability  of  1250  for  the 
Magnesil-O)  is: 

**  0.144  gilbert /maxwell 

This  reluctance  is  considerably  less  than  the  lowest  calculated  reluctance  for 
the  control  air  gap  <*equiv*  3.937).  Therefore,  the  change  in  the  reluctance  of 
the  air  gap  with  and  without  the  encoding  washer  should  be  the  primary 
controller  of  the  flux  in  the  transformer  with  a  constant  ampere  turn  input.  In 
addition,  the  effect  of  the  flux  level  on  the  permeability  of  the  Magnesil-0 
can  be  ignored  (with  the  constraint  that  the  saturation  flux  of  6000  gauss  is 
not  exceeded). 

Figure  10  is  the  mechanical  assembly  drawing  for  the  narrow  gap  transformers 
mounted  in  position  for  the  demonstration  unit.  Note  that  two  transformer 
pairs  are  used  for  each  sensor.  The  transformers  for  each  pair  are  located 
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Figure  10  Sensor  Mechnical  Assembly 
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directly  across  from  each  other.  By  connecting  the  secondary  windings  of  the 
transformer  pairs  in  series  with  each  other,  the  effect  of  variations  in  the 
clearance  between  the  encoded  shaft  and  the  sensor  gap  doe  to  shaft  bearing 
clearances  tend  to  be  cancelled  out. 


Figure  11  is  a  block  diagram  schematic  of  the  electronics  used  with  the  narrow 
gap  transforaer  sensor.  The  schematic  is  similar  to  the  general  schematic  of 
Figure  7  with  the  addition  of  an  auto  drift  compensator,  8X  bidirectional  logic 
and  the  use  of  two  transformers  for  each  position  sensor. 

The  demonstration  unit  was  evaluated  with  both  4X  and  8X  bidirectional  logic 
electronics.  The  4X  (the  encoding  washer  thickness)  resolution  is  inherent  in 
using  two  position  sensors  in  order  to  determine  direction  of  motion.  Figure  12 
illustrates  the  AX  logic  operation.  The  output  of  the  position  sensors  are 
shown  as  a  triangular  waveform  amplitude  variation  with  position  for 
illustration  purposes  (the  actual  sensor  output  is  sinusoidal).  As  shown  in 
Figure  12,  the  sensor  output  levels  used  to  generate  pulses  for  counting  are 
the  aero  voltage  output  levels.  For  sensor  A,  these  are  points  1  and  3  on  the 
waveform.  For  sensor  B,  these  are  points  2  and  4  on  the  output  waveform. 
Figure  12  also  shows  the  output  of  comparators  which  switch  at  the  aero  output 
level  for  the  sensors.  The  comparator  for  sensor  A  (labeled  2A  on  Figure  12) 
goes  high  when  the  sensor  output  changes  from  a  negative  to  positive  value 
(point  1  on  the  Sensor  A  Output  waveform)  and  goes  low  when  the  sensor  A 
output  again  changes  to  a  negative  value  (point  3  on  the  Sensor  A  Output 
waveform).  8ensor  B  comparators  generate  similar  level  changes.  Note  that 
Figure  12  shows  both  the  2A  and  2B  comparator  outputs  and  their  complements. 
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This  it  don*  btciun  available  IC  logic  elements  require  using  "0"  levels  and 
negative  transitions  (going  froa  high  to  lov).  For  each  pulse  that  is 
generated,  the  logic  requires  that  tvo  conditions  exist  -  a  "0"  level  on  one 
line  and  a  negative  transition  on  another.  Note  that  as  shown  in  Figure  12, 
for  motion  generating  pulses  in  order  (l,2,3,4...etc.)  their  are  four  such 
unique  conditions  for  each  "cycle"  (2B  &  2A  complement,  2A  complement  &  2B 
complement,  2B  complement  &  2A,  2A  &  2B)  which  are  used  to  generate  4  pulses. 
Hote  that  for  motion  in  this  direction,  the  "0"  state  lines  are  2B,  2A 
complement,  2B  complement  and  2A  for  pulses  1,2,3  &  4  respectively  and  the 
negative  transition  lines  are  2A  complement,  2B  complement,  2A  and  2B.  For 
motion  in  the  opposite  direction  (generating  pulses  4,3,2,  &  1)  the  "0”  state 
lines  are  the  same  as  for  the  other  direction,  but  the  negative  transition 
lines  are  changed  to  2B  complement,  2A  complement,  2B  and  2A  for  pulses  4,3,2  & 
1  respectively.  This  difference  in  the  transition  lines  for  the  same  "0”  state 
is  used  to  establish  a  direction  of  motion  signal  for  the  up-down  counter. 
Figure  13  shows  the  8X  logic  operation.  This  is  a  further  division  of  the 
sensors  output  waveform  by  using  comparators  that  detect  predetermined  sensor 
output  levels  as  well  as  the  transition  from  negative  to  positive  output 
voltages.  As  shown  on  this  figure,  the  "0"  state  and  negative  transition 
conditions  are  required  (as  with  the  4X  logic)  for  generation  of  a  pulse.  The 
voltage  level  points  used  for  comparator  inputs  are  shown  as  1,2  and  3  on  the 
output  of  Sensor  A  and  Sensor  B.  Point  1  is  a  negative  voltage  level,  point  2 
is  zero  voltage  and  point  3  is  a  positive  voltage.  For  example,  for  motion 
generating  pulses  1  through  8  during  one  cycle,  the  corresponding  negative 
transition  lines  are  2A  compliment,  3A  compliment,  2B  ,  3B  ,  2A  ,  1A  ,  2B  , 
complement,  1A  complement  while  the  corresponding  "0"  state  lines  are  2B 
Complement,  2B  complement,  2A  complement,  2B,  2B,  2B,  2A  and  2B  complement.  As 
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Figure  13  8X  Logic  Operation 


with  the  4X  logic,  the  opposite  direction  of  notion  uses  the  sene  "0"  stete 
lines  end  different  trensition  lines  for  the  generetion  of  the  pulses. 

Mote  thet  IB,  IB  conplenent,  3B  end  3B  conplenent  ere  not  used  es  trensition 
lines  in  the  generetion  of  pulses.  By  using  sensor  A's  output  for  nost  of  the 
pulse  genereting  negative  trensitions,  the  requirenent  for  output  weveforn 
fidelity  fron  both  sensors  is  relaxed. 

Figure  14  is  the  electrical  schenatic  of  the  signal  conditioner  section  of  the 
electronics  used  with  the  narrow  gap  sensors.  U-l  on  Figure  14  generates  the 
sinusoidal  10K  Hz  signal  used  to  excite  the  prinary  windings  of  the  narrow  gap 
sensors.  4-9  and  A-10  are  used  to  generate  the  necessary  driving  current  for 
the  priaary  windings.  Driving  voltages  for  the  coils  (300  turns  of  #38  AVG 
copper  wire  with  an  inductance  of  4  ah  end  a  resistance  of  13  ohas)  were  20 
volts  peak  to  peak.  The  output  of  the  secondary  windings  (300  turns  of  #38  AVG 
copper  wire)  of  the  narrow  gap  are  buffered  with  unity  gain  aaplifiers  A-l  and 
A-8.  The  noainal  gain  through  the  conditioning  electronics  is  40,  required  to 
aaplify  a  100  av  peak  to  peak  sensor  output  signal  variation  to  a  level  of  4 
volts.  The  output  of  the  sensors  are  demodulated  using  peak  detection  switches 
S-l  and  S-2. 

Figure  IS  is  the  electrical  schematic  for  the  pulse  generation  and  direction 
signal  logic.  Comparators  01-1,2  &  3  and  02-1,2  &  3  are  used  to  generate  the 
basic  state  changes  corresponding  to  the  different  levels  on  the  sensor  output 
waveforas.  011-1  through  011-6  &  012-1  through  012-6  are  used  to  generate  the 
logic  signals  and  their  coapleaents.  Note  that  in  order  to  limit  noise 
intrusion  and  prevent  level  indecisions,  014,015,016  and  017  (which  use  Schmitt 
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trigger  buffers)  ere  used  in  the  logic  signal  lines  to  generate  pulses  for  the 
■OK  gates.  The  HOK  gates  U3,U4,U5  &  06  use  two  inputs,  one  for  reading  the 
negative  transition  pulses  on  the  logic  lines  and  the  other  to  read  a  "0”  state 
condition  on  its  logic  lines.  Mote  that  U3  and  04  gates  are  connected  to 
generate  pulses  for  extend  notion  while  05  an  06  gates  are  connected  to 
generate  pulses  for  retract  notions.  07-1,2,3  &  4  gather  the  extend  (or 
retract)  pulses  for  the  circuitry  which  follows.  HAND  gates  010-1  and  010-2 
are  connected  to  drive  a  direction  line  for  the  digital  counter.  010-3  drives 
013  which  provides  a  total  pulse  count  for  the  digital  counter  and  provides  a 
necessary  delay  of  100  usee  between  the  actual  pulse  generation  and  the  pulse 
connected  to  digital  counter.  This  delay  is  required  in  order  to  allow  the 
digital*  counter  tine  to  process  a  change  in  the  direction  line  before  a  count 
pulse  is  presented  for  processing. 

Figure  16  is  the  electrical  schenatic  of  circuitry  incorporated  during  the 
developnent  progran  to  conpensate  for  DC  shifts  in  the  sensor  output 
conditioned  waveforn.  The  DC  shift  in  the  waveforn  created  false  counts  in  the 
digital  counter.  The  technique  used  to  correct  for  the  DC  shifts  was  to  use 
sanple  and  hold  circuitry  to  track  and  retain  the  +,  peak  voltage  levels  for 
each  sensor's  output.  The  difference  between  the  +  peak  voltage  is  divided  by 
a  ladder  resistor  network  to  obtain  reference  inputs  for  the  comparators  used 
to  generate  the  state  changes  for  the  logic  lines.  As  shown  on  Figure  16,  D-1A 
&  U-1B  are  solid  state  relays  used  to  initalixe  and  connect  the  sensor  outputs 
to  the  peak  detecting  circuitry.  For  sensor  A,  sample  &  holds  A-l  and  A-3 
retain  the  positive  and  negative  peak  voltages  as  the  sensor  output  changes 
through  each  cycle.  These  voltages  are  transferred  A-2  and  A-4  sample  &  holds 
only  after  the  sensor  outputs  have  generated  8  pulses  in  one  direction. 


direction.  For  sensor  A,  resiatora  B14  through  R17  divide  the  difference 
between  the  negative  peak  voltage  and  poaitive  peak  voltage  retained  by  A-2  and 
A-4  sample  &  holda  for  uae  aa  comparator  input  reference  voltages.  Loading  the 
A-2  and  A-4  (for  sensor  A)  occurs  only  after  8  extend  or  retract  pulses  have 
occurred,  ensuring  that  a  complete  cycle  haa  occurred.  0-3  an  0-4  counters 
count  the  extend  and  retract  pulses,  respectively.  Both  0-3  an  0-4  counters 
are  reset  to  aero  when  8  pulses  in  either  direction  have  occurred  by  the  output 
of  U7.  These  counters  are  also  reset  to  aero  if  there  is  a  change  in  the 
direction  of  motion,  as  detected  by  the  retract  and  extend  signal  lines 
connected  to  US  &  U6  respectively. 

The  peak  hold  circuits  are  reset  after  8  extend  or  retract  pulses  are  counted. 
This  is  done  by  the  output  of  U9  causing  U-1A  &  U-1B  to  transfer  to  the  reset 
position.  This  reset  loads  an  inital  value  of  2.5  volts  into  the  peak  hold 

•  A  ■ 

circuit.  This  voltage  is  within  the  range  of  the  least  positive  peak  value  and 
the  greatest  minimum  value  of  the  input  waveform  and  is  then  used  by  the  peak 
hold  circuit  in  determining  whether  to  retain  newly  sampled  ±  values. 

Figure  17  is  the  interconnect  schematic  for  the  up/down  counter,  BCD  to  analog 
converter  and  the  3  1/2  digit  digital  voltmeter.  As  shown  on  the  schematic, 
only  two  lines  connect  from  the  logic  board  to  the  up/down  counter,  one  line 
(to  pin  43  on  the  counter)  being  the  pulse  line  and  the  other  (to  pin  41  on  the 
counter)  being  the  direction  line. 
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SECTION  III 


TEST  RESULTS 


*»»t.  Baate 

The  demonstration  unit  was  designed  so  that  a  measured  shaft  displacement  could 
be  used  to  evaluate  the  performance  of  the  narrow  gap  sensors  and  electronics. 
A  micrometer  head  mounted  at  one  end  of  the  shaft  was  used  to  move  the  shaft  to 
a  known  deflection.  To  allow  electrically  recording  of  the  shaft  motion  (for 
comparison  with  the  output  of  the  sensor  electronics),  a  precision  potentimeter 
was  attached  to  the  encoded  shaft  at  its  other  end.  The  narrow  gap  sensor  was 
evaluated  by  moving  the  encoded  shaft  and  recording  the  electrical  output  of 
interest. 

Recorded  Results 

Figure  18  shows  the  output  waveform  of  the  narrow  gap  sensors.  The  general 
shape  is  that  of  a  sinusoid  (rather  than  a  square  wave).  For  a  4X  (the  washer 
thickness)  output  resolution,  the  waveform  is  unimportant.  For  a  4X  sensor,  a 
repeatable  transition  between  maximum  and  minimum  output  signal  levels  (as 
each  washer  passes  the  gap)  is  all  that  is  required.  For  the  8X  application, 
there  is  a  requirement  for  a  gradual  transition  with  displacement  (such  as  a 
triangular  or  sinusoidal  waveform).  The  gradual  transition  allows  pulses  to  be 
generated  reliably  for  several  sensor  output  levels  between  the  maximum  and 
minimum  output  levels.  The  sensor  output  illustrated  by  Figure  18  show  some 
"flattening"  at  the  bottom.  As  measured  on  the  8X  position  linearity  data, 
this  waveform  distortion  limits  the  8X  configuration  from  reaching  its 
theoretical  resolution. 
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Figure  19  illustrates  the  DC  shift  of  the  sensor  outputs  along  the  length  of 
the  encoded  shaft.  The  DC  shifts  as  shown  on  Figure  19  are  on  the  order  of  50Z 
of  the  peak  to  peak  output  of  the  sensors.  Although  these  DC  effects  perhaps 
could  have  been  minimised  by  aore  pains  taking  fabrication  of  the  sensor 
eleaents  and  electronics,  that  approach  was  not  pursued.  The  technique  used  to 
deal  with  the  shifts  was  to  aeasure  the  DC  shift  of  each  sensor  and  cancel  the 
effect  out  of  the  level  sensing  coaparator  operation.  This  technique 
potentially  relaxes  the  requireaent  for  expensive  precision  in  the  aanufacture 
of  the  sensor  and  encoded  shaft  and  allows  soae  component  variation  without 
aiscounting  probleas.  The  4X  technique  can  tolerate  DC  shifts  of  a  aagnitude 
nearly  as  great  as  the  aaxiaua  sensor  output.  However,  the  8X  technique 
cannot.  •  The  autoaatic  tracking  of  the  DC  shift  is  required  for  reasonable  ff 
operation. 

Figure  20  shows  the  output  of  the  sensor  electronics  vs.  the  coded  shaft 
displaceaent  for  the  41  sensor  electronics  without  DC  tracking.  The  shaft 
displaceaent  as  aeasured  by  the  position  potent ioaenter  is  shown  plotted  on  the 
horizontal  axis,  the  analog  output  voltage  froa  the  BCD  converter  (ref.  Figure 
17)  is  plotted  on  the  vertical  axis.  The  plot  is  for  0.500  in.  shaft 
deflection.  Hote  that  on  the  upper  right  of  the  plot,  there  is  noticeable 
irregularity  in  the  output  of  the  sensor  electronics.  Figure  21  shows  the 
output  of  the  4X  sensor  electronics  vs.  the  coded  shaft  displaceaent  with  the 
DC  tracking  circuit  (ref.  Figure  16)  installed.  The  irregularities  in  the 
output  steps  of  the  BCD  to  analog  converter  have  essentially  been  eliainated. 
Hote  that  on  Figure  21  there  are  slightly  less  than  10  steps  for  each  0.050  in. 
of  travel.  This  is  due  to  the  washer  thicknesses  being  slightly  greater  than 
0.010  in.  when  assembled  on  the  shaft  . 
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Figure  22  shove  an  expanded  plot  of  the  4X  output  over  a  deflection  of  0.050 
in.(thie  ie  10X  of  the  encoded  shaft  stroke  displayed  on  Figure  22).  The  shaft 
movement  variation  between  output  changes  is  a  maximum  of  0.0005  in.,  which 
indicates  the  accuracy  of  the  measurement  technique. 

Figure.  23  is  a  plot  of  the  output  of  the  BCD  to  analog  converter  for  the  8X 
sensor  electronics  configuration.  The  configuration  uses  the  DC  tracking 
circuitry.  Figure  23  shows  the  configuration's  for  a  shaft  displacement  of 
0.500  in.  The  change  in  the  amplitude  of  the  steps  from  the  output  of  the  BCD 
to  analog  converter  compared  to  the  4X  configuration  (ref.  Figure  21)  is 
apparent.  Some  irregularity  in  the  steps  is  noticeable,  primarily  due  to  the 
distortion  in  the  sinusoidal  waveform  from  the  sensors.  Figure  24  shows  an 
expanded  plot  of  the  configuration's  output  over  a  stroke  of  0.05C  in.  This 
plot  shovs  more  clearly  the  irregularity  in  the  steps.  A  straight  line  has 
been  drawn  through  the  plotted  output  to  show  the  resolution.  The  maximum 
deviation  of  the  BDC  to  analog  converter's  output  from  the  straight  line  output 
is  0.0025  in.. 

In  addition  to  the  linearity  testing,  a  slew  rate  test  on  the  4X  configuration 
was  run.  The  method  of  testing  vas  to  extend  or  retract  the  shaft  manually  as 
rapidly  as  possible  and  check  after  returning  to  the  starting  position  for  a 
zero  counter  reading.  A  non-zero  reading  indicates  lost  pulse  counts.  The 
maximum  rate  achieved  manually  was  17  inches  per  second  (limited  by  the 
operator).  Mo  lost  pulse  counts  occurred  up  to  this  rate.  The  maximum  slew 
rate  is  theoretically  limited  by  the  excitation  frequency  of  the  sensing  head. 
For  example,  for  the  0.010  in.  washers,  the  shaft's  slew  rate  for  5K  Hz  output 
ttom  the  sensor  is  100  in. /sec.  (one  cycle  per  .020  in.  of  movement).  For  a 
more  practical  output  frequency  of  1  Kz,  the  corresponding  slew  rate  is  20 
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SECTION  IV 


HARDWARE  DESCRIPTION 


The  hardware  generated  for  the  investigation  of  the  position  sensor  was 
designed  to  allow  adequate  flexibility  for  modifications  and  measurement  of 
the  performance  characteristics  of  the  techniques  being  evaluated.  An  attempt 
was  made  during  the  design  to  keep  the  narrow  gap  sensor  size  and  mounting 
configuration  small  enough  to  be  compatible  with  typical  flight  control 
actuation  applications.  The  electronics  associated  with  the  sensors  were 
designed  as  laboratory  evaluaticn  tools  and  could  easily  be  reduced  in  size  for 
flight  hardware  application. 

Figure  25  shows  the  encoded  shaft  at  close  range.  The  nominal  shaft  diameter 
was  1.125  in.  The  alternating  washers  were  brass  and  steel,  with  the  brass 
washers  stamped  from  a  die  cutter  designed  by  Dynamic  Controls,  Inc.  for 
producing  the  washers.  The  inside  diameter  of  the  washers  was  0.75  in.  and  a 
co ller  was  pressed  on  the  shaft  to  load  the  washer  stack.  For  the  test  shaft,  a 
shaft  length  of  1.25  in.  was  encoded  with  washers.  No  bonding  material  was 
used  between  the  washers  on  the  final  test  shaft.  However,  anaerobic  adhesive 
and  EA929  epoxy  were  both  tried  on  two  other  shaft  buildups  and  appear 
satisfactory.  The  outside  diameter  of  the  encoded  shaft  section  was  ground 
between  centers  to  provide  a  round  and  concentric  diameter. 
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For  some  applications,  to  prevent  corrosion  and  provide  a  wear  surface  for 
seals,  the  outside  diameter  of  the  washer  stack  could  be  chromium  plated  and 
ground.  The  primary  limitation  would  be  the  thickness  of  chromium  that  could  be 
used  without  decreasing  significantly  the  sensitivity  of  the  sensing  head. 
Thicknesses  greater  than  0.003  in.  may  present  a  sensitivity  problem. 

Figure  26  is  a  close  up  view  of  a  narrow  gap  sensor  positioned  over  the  encoded 
section  of  the  test  shaft.  The  view  was  taken  during  the  inital  sensitivity 
testing  for  the  different  configurations.  The  epoxy  used  to  bond  the  two  halves 
of  the  transformer  together  and  the  primary  and  secondary  windings  are  apparent 
in  the  figure. 

Figure  .27  shows  the  test  setup  used  during  the  sensitivity  testing.  A  Vavetech 
function  generator  was  used  to  excite  the  primary  winding  of  the  narrow  gap 
sensor  being  evaluated.  The  oscilloscope  at  the  right  of  the  Figure  27  was 
used  to  measure  the  secondary  winding's  output  characteristics.  The 
electronics  box  immediately  behind  the  test  shaft  was  used  to  amplify  and 
filter  the  output  of  the  secondary  winding.  Hote  that  the  test  shaft  assembly 
uses  linear  ball  bushings  to  support  the  encoded  shaft.  A  micrometer  head 
mounted  at  the  right  end  of  the  test  shaft  is  used  to  move  ' v*  shaft.  A  coil 
spring  at  the  left  end  of  the  shaft  mounting  assembly  is  used  to  maintain  the 
shaft  in  contact  with  the  micrometer  head.  A  magnetic  mount  for  a  dial 
indicator  was  used  to  position  the  sensing  head  for  the  technique  being 
evaluated.  This  mount  allowed  easy  variation  of  the  spacing  and  angular 
orientation  of  the  sensor  to  the  encoded  shaft. 

Figure  28  is  a  closeup  end  view  of  the  sensor  ring  used  to  mount  the  narrow  gap 
transformers  around  the  encoded  shaft.  Rote  the  four  sensor  gap  aids  located 


Figure  27  Sensor  Sensitivity  Te 


Figure  28  Sensor  King  Assembly-End  View 


at  90°  intervals  around  the  inner  circumference  of  the  ring  assembly.  Figure  29 
shows  the  internal  construction  of  the  sensor  mounting  ring.  The  transformers 
were  retained  by  an  aluminum  ring  with  recesses  machined  to  match  the  transform 
core  dimensions.  As  part  of  the  development  of  the  narrow  gap  sensor,  the  ring 
mount  was  modified  to  include  alignment  set  screws  for  each  transformer.  The 
set  screws  were  installed  to  allow  both  lateral  (along  the  shaft)  motion  in 
order  to  establish  the  sensor  head  offset  needed  and  rotation  (to  trim  the  head 
gap  to  be  parallel  to  the  plane  of  the  encoding  washers).  The  trimming  affected 
the  sensor  output  waveform  and  was  required  for  satisfactory  operation  of  the 
8X  configuration.  Note  that  as  shown  on  Figure  29,  two  transformer  pairs  are 
used,  one  pair  for  each  sensor  output.  The  transformers  for  each  pair  are 
mounted  directly  opposite  each  other  to  minimize  the  effects  on  the  sensor 
outputs  of  encoded  shaft  to  support  bearing  clearances  and  eccentricity  in  the 
encoded  shaft  or  bearings. 

Figure  30  shows  the  circuit  card  constructed  for  the  electronics  which 
generated  the  10K  Hz  excitation  for  the  narrow  gap  transformer  primary 
windings.  The  two  cylindrical  components  at  the  left  side  of  the  board  are  the 
power  transistors  for  driving  the  primary  windings.  Figure  31  show  the 
secondary  winding  signal  conditioning  and  logic  circuit  board  for  the  4X 
configuration.  Figure  32  shows  the  internal  construction  of  the  electronics 
unit  with  the  primary  and  secondary  winding  circuit  boards  installed.  Also 
installed  in  the  unit  are  the  power  supplies,  the  BCD  to  analog  converter  and 
the  digital  voltmeter.  Figure  33  shows  the  front  of  the  electronics  unit.  Two 
digital  displays  are  used,  one  for  analog  output  voltage  of  th  BCD  to  analog 
converter  and  the  other  the  output  of  the  up/down  counter.  The  reset  switch  to 
the  right  of  the  readouts  is  used  to  initalize  the  logic  circuits  upon  startup. 


Figure  29  Sensor  Mount 
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f-igure  33  Position  Sensor  Electronics  Unit 


SECTION  V 


C ONC LDS IONS  AMD  RECOMMENDATIONS 


StltlaM. 

The  narrow  gap  tensor  technique. investigated  works  well  enough  to  warrant 
further  develepaient.  However,  the  sensitivity  of  the  narrow  gap  transformer  is 
considerably  less  than  that  calculated.  This  is  probably  due  to  the  fringing 
effect  of  adjacent  encoding  washers  reducing  the  reluctance  change  at  the  gap 
of  the  sensor  from  that  predicted  by  calculations  using  one  washer. 

The  narrow  gap  transformer  technique  requires  that  the  sensing  head  be 
fabricated  with  good  precision.  The  techniques  for  doing  this  (and  making  the 
sensing  head  smaller)  are  already  established  for  the  tape  recorder 
manufacturing  industry.  There  should  be  no  difficulty  in  producing  sensing 
heads  with  gaps  down  to  l/10th  the  gap  used  for  the  investigation  hardware.  A 
smaller  gap  would  be  required  if  thinner  washers  were  used  to  encode  the  shaft. 

The  8X  logic  configuration  worked  with  the  demonstration  hardware  and  can 
produce  resolutions  of  0.0025  in.  for  a  shaft  encoded  with  0.010  in.  thick 
washers.  However,  the  requirement  for  an  output  waveform  having  a  consistent 
gradual  transition  from  the  sensor's  minimum  output  level  to  maximum  output 
level  makes  trimming  of  the  sensor  alignment  critical.  To  achieve  the  same 
resolution,  the  AX  logic  configuration  with  a  requirement  for  only  consistent 
aero  level  crossing  could  be  used  with  0.005  in.  thick  encoding  washers  and 
smaller  sensor  gap. 


The  DC  tracking  electronics  circuitry  worked  well  for  the  4X  logic 
configuration  and  was  required  in  order  for  the  8X  logic  configuration  to 
function.  This  circuit  configuration  has  general  application  potential  for 
any  decoding  scheme  where  DC  shifts  of  a  measurement  signal  need  to  be  actively 
compensated.  The  primary  limitation  of  the  particular  circuit  used  with  the 
narrow  gap  sensor  is  the  sample  and  hold  stability  with  time.  A  time  period 
greater  than  15  minutes  with  no  shaft  movement  (and  no  new  samples)  could  cause 
a  droop  in  the  sampler's  output  voltage  and  miscounting.  However,  if  the 
sampled  values  were  loaded  into  digital  memory,  then  the  time  limitation  is 
removed . 

Frrnmf'PHiflnf 

The  sensor  mechanisation  has  sufficient  promise  to  recommended  further 
development,  particularily  in  the  following  areas: 

1.  Improvement  of  the  narrow  gap  transformer  sensitivity 

2.  Improvement  of  the  resolution  with  thinner  encoding  washers 

3.  Evaluation  of  the  effect  of  chromium  plating  over  the  encoding 
washers  on  the  sensitivity  of  the  sensors 

4.  The  incorporation  of  additional  sensing  sssemblies  in  order  to 
achieve  sensor  output  redundancy  using  the  same  encoded  shaft 
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